T H O M A S W. H O L ST E I N
U nderstanding how tissues and organs can regenerate requires an appreciation of the mechanisms and factors that organize cells and tissues, both in space and through time. Planarian flatworms are a widely used model for studying such pattern formation because pieces of these animals that are cut off can regrow missing body parts and form complete worms. Planarians also have a self-scission behaviour called fission -they stretch and contract their tail tissue, which leads to detachment of parts of their posterior body that then grow into clones. Whether or not fission occurs depends on the size of the parent worm, but the underlying molecular and cellular processes have not been well understood. Writing in Nature, Arnold et al. 1 establish a method to reliably induce fission in the planarian Schmidtea mediterranea, and show that cell-signalling pathways involving the proteins Wnt and transforming growth factor-β (TGF-β) are key regulators of this process.
Wnt signalling has a decisive role in development and cell differentiation and is involved in many diseases 2 . The Wnt proteins are highly diverse, are found only in animals and are usually attached to a lipid chain and secreted by cells. They bind to receptor proteins of different families to activate various downstream cell-signalling cascades that regulate the levels of cytoplasmic factors -molecules that control gene expression and, thus, cell function 2, 3 . Although our knowledge of the influence of Wnt signalling on tissue-pattern formation has advanced greatly in the past few years, how such patterning might be linked to specific tissue functions is still unknown.
Previous studies [4] [5] [6] in planarians have characterized a molecular framework in which self-organized gradients of Wnt proteins regulate patterning along the length of the animal (that is, along the anterior-posterior axis), and in which a gradient of TGF-β regulates pattern ing from its topside to its underside (along the dorsal-ventral axis). It has been suggested 7 that planarian fission is regulated by gradients in metabolic activity, molecular positional cues or neurohormone molecules along the anterior-posterior body axis. One study indicated that fission might be inhibited by the front part of the nervous system 7 , and another examined the biomechanical forces and tissue properties that enable it to occur 8 . Unlike regeneration, which can be induced experimentally by cutting planarian worms into pieces, fission has been difficult to induce reliably, limiting studies on this process. However, Arnold et al. found that transferring worms to cultures in which food was limited and water was stagnant induced fissioning in worms longer than about 4 or 5 milli metres ( Fig. 1) . By analysing image recordings, the researchers discovered that fission events take about 30 minutes and result in fragments that are about 1 mm long, and that the frequency of fission events correlates with the size of the parent. Arnold et al. also found that, when they applied pressure to a cover glass placed on top of a worm in normal culture, the worm would break apart into multiple, regularly spaced fragments along its entire anterior-posterior axis. This suggests that, in adult worms, there are pre-established fission planes that scale in number with the animal's size, and that a hidden, segmented structure underlies this size control.
Using both the starvation and compression methods to induce fission, the authors tested which molecular cues are required to induce size-dependent fissioning. They carried out a screen in which they used different RNA molecules to selectively inhibit the expression of various proteins involved in patterning, including those in the Wnt and TGF-β cell-signalling pathways 4, 6, 9, 10 . These targeted disruptions affected fission frequency; for example, blocking the expression of APC, a protein that suppresses the Wnt signalling pathway, roughly doubled the frequency of sequential fission attempts in which the animals showed their characteristic stretching behaviour. However, interfering with these signalling pathways did not affect the positioning of fission planes along the body axis. Thus, Wnt and TGF-β signalling seem to regulate fission behaviour independently of their function in axial patterning.
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What makes flatworms go to pieces
Flatworms called planarians can break off fragments of themselves that regenerate to form new, complete worms. The molecular cues that regulate the frequency of such fission events have been revealed. In this process, a worm breaks off a portion of tissue from the back end of its body, and this portion regenerates to form a complete worm. Arnold et al. 1 examined the molecular and cellular underpinnings of this fission process. They found that the frequency of fission events correlated with the size of the parent animal. Experimental disruptions of the expression of certain proteins involved in the Wnt signalling pathway (not shown), which controls tissue patterning along the length of planarians 4, 5 , did not affect the positioning of fission planes along the body, but did increase or reduce the frequency of fission events. The authors showed that Wnt signalling regulates the fine-scale patterning of a population of neuronal cells at the front of the worm (boxes) that inhibit fission behaviour, and showed that the patterning of these neurons changes with animal size. revealed that genes encoding proteins involved in Wnt and TGF-β signalling are coexpressed with genes expressed by cells in the central nervous system (CNS). In Arnold and colleagues' study, removing the front part of the worm that contained the cephalic ganglia (two clusters of neurons that together comprise the planarian brain) delayed the onset of fission behaviour. The authors saw a similar effect in worms in which the expression of a neuronal transcription-factor protein that was previously shown to be required for CNS patterning 12 was suppressed. Arnold et al. found that a set of neuronal cells that are sensitive to mechanical stimuli act downstream of Wnt and TGF-β signalling to inhibit fission behaviour. The authors demonstrated that Wnt and TGF-β signalling together regulate the patterning of these and other specific populations of neurons (Fig. 1 ). It will be exciting to examine how these key regulators of axial patterning control the fine patterning of the planarian nervous system 13 -one of the big questions about the patterning of different types of cell is how these signalling pathways are integrated by progenitor cells to induce the generation of specific neuronal cell types.
Although Arnold et al. focused their analysis on the induction of fission, even less is known about how the released tissue fragments form complete animals. For example, it is unclear whether these worms regenerate after fission in the same way that they regrow after being cut into pieces. In both cases, populations of stem cells called neoblasts cluster to form a mass called a blastema at the wound site in the tissue fragment, which in turn can regenerate different organs and tissues 14 . But how the information concerning the position of the cut or fission plane is transmitted to neoblasts is not clear.
Asexual reproduction through fission is a major strategy for increasing population size, not only in planarians, but also in other wormlike creatures (including acoels 15 and other acoelomorph flatworms 16 , and annelids 17 ) in which fission occurs at the posterior end of the animal. Sea anemones can also propagate asexually through fission 18 , and budding -a fission-related strategy for asexual reproduction -has been well characterized in the freshwater animal Hydra 19 and is strongly related to regeneration 20 . Detailed investigation of fission and budding in different model organisms will be important because, in these processes, pattern formation is induced without injury, and therefore might be different from regeneration after injury. If the processes that enable regeneration in planarians after fission and after cutting are indeed the same, future research should determine the mechanisms that compensate for the lack of an injury signal in fissioning tissue. Such research will be crucial for understanding how injury and patterning signals converge to initiate the regeneration process. 
